The human protein kinase X gene (PRKX) is a member of an ancient family of cAMP-dependent serine͞threonine kinases here shown to be phylogenetically distinct from the classical PKA, PKB͞Akt, PKC, SGK, and PKG gene families. Renal expression of the PRKX gene is developmentally regulated and restricted to the ureteric bud epithelium of the fetal metanephric kidney. Aberrant adult kidney expression of PRKX was found in autosomal dominant polycystic kidney disease. PRKX kinase expression markedly activated migration of cultured renal epithelial cells in the presence of cAMP; this effect was blocked by cell treatment with the PKA inhibitor H89 and was not observed in PKA-transfected cells. In addition, expression of PRKX kinase activated branching morphogenesis of Madin-Darby canine kidney cells in collagen gels even in the absence of cAMP and͞or hepatocyte growth factor, an effect not seen with either PKA expression or expression of a mutant, kinase-inactivated PRKX. These results suggest that the PRKX kinase may regulate epithelial morphogenesis during mammalian kidney development. Because another member of the PRKX gene family (the Dictyostelium discoideum gene KAPC-DICDI) also plays a role in cellular migration, these studies suggest that regulation of morphogenesis may be a distinctive property of these genes that has been conserved in evolution that is not shared with PKA family genes.
T
he organization of cells into defined structures during development depends on morphogenetic programs of gene expression. During mammalian kidney organogenesis, reciprocal signaling interactions between the ureteric bud and metanephric blastema initiate the branching growth of the collecting duct system that result in the radially organized, highly intricate structure of the adult kidney (1, 2) . Tubular morphogenesis of epithelial cells depends partly on the directional outgrowth of individual cell processes in response to bone-morphogenetic protein 7 (BMP-7; ref. 3) and signaling molecules that activate receptor tyrosine kinases including hepatocyte growth factor (HGF; ref. 4) , epidermal growth factor, and other epithelial growth factor receptor ligands (5) . Importantly, BMP regulation of epithelial branching morphogenesis in model systems and lower organisms has been shown to depend on cAMP-dependent protein kinases (3, 6, 7) , although the individual roles played by different genes encoding these kinases in vertebrate epithelial organ development has yet to be systematically investigated.
In studies designed to elucidate signaling pathways in renal epithelial morphogenesis, we identified PRKX, a serine͞ threonine kinase gene on the X chromosome at Xp22.3 (8, 9) as an interesting candidate regulatory gene, because it was activated transcriptionally in fetal kidneys during kidney organogenesis but not expressed in adult kidneys. Previous studies by others have demonstrated functional differences between protein kinase X (PRKX) and protein kinase A (PKA) kinases (10) and implicated PRKX in granulocyte͞macrophage lineage differentiation (11) , also suggesting that PRKX may have important developmental functions. Because the catalytic domain of PRKX shares greater amino acid homology with the Dictyostelium and Drosophila kinase genes KAPC-DICDI and DC2 than with mammalian PKA genes (12) (13) (14) (15) , it is plausible that PRKX and KAPC-DICDI might share unique functions not conserved in PKA genes. KAPC-DICDI plays an important role in the development of Dictyostelium discoideum, notably in morphogenetic cell migration (16, 17) as well as in transcriptional regulation of cellular differentiation (16) (17) (18) (19) , implying that PRKX also might regulate morphogenesis in higher eukaryotes in addition to its proposed role in regulating cellular differentiation in hematopoietic lineages.
In studies reported here, we show by phylogenetic analysis that PRKX, KAPC-DICDI, DC2, Ascaris suum KAPC ASCU, and Caenorhabditis elegans kin-1͞CAB41352 convincingly comprise an ancient gene family distinct from the PKA, PKB, PKC, SGK, or PKG kinase gene families. We also show that expression of the PRKX kinase, but not the PKA kinase, strongly activates cellular morphogenesis and drives the formation of epithelial tubular structures in vitro associated with a stimulation of cellular migration. Taken together, our results suggest that the PRKX kinase might regulate tubulogenesis during kidney development and supports the hypothesis that the PRKX gene family plays an important function in cellular morphogenesis in multicellular eukaryotes.
Materials and Methods
Reverse Transcription-PCR Cloning of PRKX. Total RNA was isolated from human normal adult and autosomal dominant polycystic kidney disease (ADPKD) kidneys (20) , and reverse transcription-PCR was performed by using degenerate primers (a gift of R. Reed, Johns Hopkins University School of Medicine, Baltimore) designed against the conserved protein kinase C (PKC)͞ PKA catalytic domains sequences FYAAE͞QI͞V (coding strand: GGCCGGATCCTTT͞CTAT͞CGCXGCXG͞CAA͞ GA͞GT, 512ϫ degenerate) and YI͞M͞LAPEI (noncoding strand: GGCCGAATTCATT͞CTCXGGXGCXAXA͞GTA, 1,024ϫ degenerate). A 215-bp PCR product amplified from ADPKD RNA was subcloned into pBluescript II KS(Ϫ) (pBSI-IKSϪ) and used to screen a 19-23-week human fetal kidney gt10 cDNA library (CLONTECH). Positive plaques were used for PCR amplification of the full-length PRKX (GenBank accession no. X85545; ref. 8) ORF, which was subcloned into PT-7 blue LIC (Novagen).
In Situ Hybridization. Deparaffinized, dehydrated kidney sections were treated with proteinase K, prehybridized with triethanolamine͞acetic anhydride, and hybridized overnight with digoxiThis paper was submitted directly (Track II) to the PNAS office.
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genin-substituted PRKX antisense or sense probes. After washing in 0.1ϫ SSC (0.15 M sodium chloride͞0.015 M sodium citrate, pH 7.0), sections were incubated in antidigoxigenin antibody͞alkaline phosphatase and color-developed with NBT reagent (Roche Molecular Biochemicals).
Construction of PRKX Expression Vectors. Recombinant pEGFP͞ PRKX was made by PCR amplification of the 1,074-bp ORF of PRKX from the pT-7 blue͞PRKX plasmid, which was subcloned in-frame to the C terminus of the enhanced green fluorescent protein (EGFP) coding sequence of the pEGFP-C3 expression vector (CLONTECH). Recombinant pFLAG͞PRKX was made by adding an N-terminal Met codon followed by the FLAG epitope tag (MDYKDDDDK) coding sequence in-frame to the PRKX ORF by PCR subcloning into a modified pEGFP-C3 vector lacking EGFP. A K78R kinase-dead mutation was introduced into pFLAG͞PRKX to generate the construct pFLAG͞PRKX͞K78R.
PRKX Immunoprecipitation Kinase Assay. HEK293 cells were transfected by using Effectene (Qiagen, Chatsworth, CA) with pFLAG͞ PRKX washed after 16 h, grown for 48 h, washed, and lysed in 10 mM Tris⅐HCl, pH 7.2͞150 mM NaCl͞0.5% Triton X-100͞0.5% Tween-20 ϩ protease inhibitor mixture. Two milligrams of lysate protein was immunoprecipitated with anti-Flag M2 monoclonal antibody covalently coupled to agarose beads (Sigma), and after four washes PRKX kinase activity was measured by using kemptide (LRRASLG) substrate in the presence of ATP (100 M), magnesium (10 mM), and 1 Ci (1 Ci ϭ 37 GBq) of [ 
PRKX cAMP-Responsive Element (CRE) Luciferase Promoter-Reporter
Assays. JAR and GH3 cells (22, 23) were transfected with pCRELuc reporter (Stratagene) alone, pEGFP-C3 alone, pFLAG͞ PRKX, or pFC-PKA (Stratagene). After washing and 48-h culture, cell lysates were used for luciferase analysis (Stratagene).
PRKX Nuclear Translocation Studies in Cell Culture. PKA-deficient FIB4 cells (21) cultured on cover slips were transfected with 1 g of pEGFP͞PRKX by using Effectene, washed, grown for 48 h, treated with 100 M 8-Br-cAMP at 0, 1, 3, 5, 10, 15, 20, 30, and 120 min, fixed with 4% paraformaldehyde in PBS, washed twice with 0.2% PBS͞Tween, mounted on slides, and examined by confocal microscopy (MSSM Microscopy Core). For detection of the PKA regulatory subunit I (RI) by immunofluorescence, cells were incubated also with anti-RI antibody (1:500, Transduction Laboratories, Lexington, KY), washed three times in PBS, and incubated in Texas red͞goat anti-mouse IgM (1:100) before washing, mounting, and viewing.
Coimmunoprecipitation of PRKX and RI Subunits. FIB4 lysates prepared from pFLAG͞PRKX-transfected cells were immunoprecipitated with anti-Flag M2 antibody beads (4°C overnight). After extensive washing, aliquots were fractionated by 10% SDS͞PAGE and immunoblotted with anti-FLAG (1:500), anti-RI␣ (1:500, Transduction Laboratories), anti RII (1:500, Upstate Biotechnology, Lake Placid, NY), and anti-PKA C␣ (Transduction Laboratories).
Epithelial Cell Migration Assay. FIB4 cells were transfected with pEGFP-C3 vector, pFLAG͞PRKX, or pFC-PKA as described above and incubated with calcein acetoxymethyl ester (Molecular Probes). For each experiment, 1,000 cells were plated in 0.8 ml of DMEM ϩ 1% FBS in triplicate 24-well chambers adapted for the Fluoroblock apparatus (Becton Dickinson), a modified Boyden chamber allowing labeled cells to attach in the upper chamber, and detecting fluorescent cells that migrate through the 8-m pores into the lower chamber containing medium ϩ 5% FBS. Measurements were taken after 4, 8, 12, 18, and 24 h in an HTS 7000 microfluorimeter (Perkin-Elmer) in the presence or absence of 100 M 8-Br-cAMP and 10 M H89.
Branching Tubulogenesis in Three-Dimensional Collagen Gels.
Madin-Darby canine kidney (MDCK) cells were transfected with pEGFP-C3 vector alone, pFLAG͞PRKX, pEGFP͞PRKX, the kinase-dead pFLAG͞PRKX͞K78R, or pFC-PKA by using VectorStat (1.25ϫ; Genespan, Bothell, WA) to extend expression for 10-14 days. Washed cells were plated in 12-well chambers (500 cells per chamber) and cultured in type I collagen gels (1 vol of 10ϫ MEM͞1 vol of NaHCO 3 ͞942 mg/ml͞1/2 vol of FBS͞3 vol of collagen͞4.5 vol of sterile water) with either no treatment or 100 M 8-Br-cAMP, 10 M H89 inhibitor, or 25 ng͞ml HGF. After 10 days, gels were fixed with ice-cold methanol and stained with rhodamine-phalloidin for 8 h and examined on a Zeiss IM35 inverted microscope.
Results
Identification of PRKX as a Developmentally Regulated Serine͞Thre-onine Kinase. Because our previous studies implicated protein kinase abnormalities in ADPKD (24, 25) , a degenerate reverse transcription-PCR strategy was used to identify novel serine͞ threonine kinases. A 215-bp reverse transcription-PCR product obtained from RNA prepared from an ADPKD sample was subcloned and sequenced and found to contain an ORF that fulfilled sequence criteria for serine͞threonine kinases.
Phylogenetic Analysis of the PRKX Family. A human 19-23-week fetal kidney cDNA library was screened by using the above kinase probe, and three cDNA clones were obtained and sequenced. One clone contained a full-length ORF for PRKX (8) . Although the catalytic domain of PRKX has significant homology (56.6% identity) to human PKA-␣ (Table 1) , it is more closely homologous to mouse PRKX (85.9%) Drosophila melanogaster DC2 (65.5%), D. discoideum PKA-C (59.6%), and A. suum PKA-C (57.8%) kinases. By phylogenetic analysis, the PRKX kinase genes can be distinguished from the PKA, PKB, SGK, PKC, and PKG kinase gene families ( Fig. 1 ) and have been conserved broadly throughout eukaryote evolution. PRKX and PKA (26) (27) (28) (29) family member amino acid sequences were compared and aligned (Fig. 2) . The PRKX sequence (10, 30, 31) contains all essential conserved residues for serine͞threonine kinase catalytic activity (32, 33) . The aligned PRKX and PKA catalytic domains (Fig. 2 A) in PRKX). However, several residues (indicated by arrows in Fig. 2 A) crucial for specific binding of the regulatory (R) subunit to the catalytic subunit (34) were not conserved in the PRKX family (PRKX Q 92 and PKA E (46) . Protein kinase Y (PRKY, GenBank accession no. CAA75792) was excluded, because it lacks 81 C-terminal amino acid residues essential for kinase activity (47) . The PKC family was added to the phylogenetic analysis as an outgroup (48) . Except for the SGK kinase (from Rattos norvegicus) and mouse PRKX, all mammalian kinases used in this analysis were the human orthologs (see Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). The PKA-␣ kinase is indicated by an asterisk, and human PRKX is underlined. PRKX Northern blot analysis showed expression of the 6-kb PRKX mRNA in human fetal kidneys (Fig. 3A, lanes 1 and 2) and fetal brain and lung (data not shown) but not in adult kidneys (Fig. 3A, lanes 3 and 4) . In situ hybridization (Fig. 3B ) detected PRKX mRNA in fetal kidney ureteric bud epithelial (arrowhead) and ADPKD epithelial cells but not in normal adult kidneys. Cotransfection of JAR choriocarcinoma (data not shown) or GH3 pituitary tumor cell lines (22, 23) with either pFLAG͞ PRKX or pFC-PKA and the pCRE-Luc reporter led to a significant increase in luciferase-reporter activity (P Ͻ 0.01) and was stimulated 3-5-fold by treatment with 10 M 8-Br-cAMP and completely inhibited by 10 M H89 (Fig. 4A) . The level of activation of the CRE luciferase reporter by PRKX was equivalent to that observed with cotransfection of the PKA expression construct pFC-PKA in JAR and GH3 cell lines.
PRKX subcellular localization to the cytoplasm in FIB4 cells (21) after transfection with pEGFP͞PRKX was demonstrated by confocal microscopy (data not shown). Double immunolabeling of FIB4 cells after 48 h of transfection with pEGFP͞PRKX showed partly overlapping diffuse cytoplasmic colocalization of EGFP͞ PRKX with the RI subunit. PRKX-RI complexes were detected in PRKX-transfected cells (Fig. 4B) by coimmunoprecipitation, although PRKX-RII complexes were not found. Treatment with 8-Br-cAMP resulted in nuclear translocation of the EGFP͞PRKX within 10 min (Fig. 4C) . These results are comparable to studies of hemagglutinin-tagged PRKX in a fibroblast cell line (10) and confirm that the GFP͞PRKX fusion protein used in our experiments is comparable to native PRKX in this respect. 
PRKX Stimulation of Epithelial Cell Migration.
Fluorescence microscopy of FIB4 cells transfected with pEGFP͞PRKX showed elongation of cell shape after 15 min of treatment with 8-Br-cAMP, which was not seen in untransfected cells. To test whether PRKX might have an effect on cell migration, modified Boyden-chamber assays were carried out by using FIB4 cells. A significant increase in cell migration was measured in cells transfected with pFLAG͞ PRKX (Fig. 5) after treatment with 8-Br-cAMP that was inhibited by the PKA inhibitor H89. By contrast, no significant increase in migration was seen in untransfected cells, in cells transfected with empty vector alone, or in cells transfected with pFC-PKA. We also observed significant increases in epithelial cell migration in pFLAG͞PRKX but not pFC-PKA-transfected MDCK and LLC-PK 1 cell lines after treatment with 8-Br-cAMP (data not shown), demonstrating that the effect of PRKX on cell migration is not restricted to the PKA-deficient FIB4 cell line. To confirm that the observed differences on cell migration were not caused by deficient PKA expression in these experiments, we demonstrated comparable increases in cell lysate kinase activities in pFC-PKA-and pFLAG͞PRKX-transfected cells.
PRKX Stimulation of Branching Morphogenesis. Cultured MDCK cells form small cysts in type I collagen gels that can be stimulated to undergo branching morphogenesis by addition of HGF (5, 36) . In previously published work and our own experiments (Fig. 6) , no branched structures are formed even after 10 days of culture in the absence of HGF in untransfected cells (Fig.  6A) . MDCK cells transfected either with vector or pFC-PKA showed a complete absence of branched epithelial structures no different from untransfected control cultures (Fig. 6 D and G) . However, MDCK cell transfection with pEGFP͞PRKX alone induced branching morphogenesis in the absence of HGF (Fig.  6, J versus G, D, and A) . Quantitative analysis of the effect of PRKX expression showed that pEGFP͞PRKX transfection resulted in 3.0 Ϯ 0.25 (mean Ϯ SE) branched epithelial structures observed per 10 epithelial structures scored (n ϭ 4 sets of observations) versus 0 Ϯ 0 (mean Ϯ SE) branched structures observed per 10 epithelial structures scored (n ϭ 4 sets of observations) for vector-transfected or untransfected cultures. This activation of branching morphogenesis was shown to completely depend on the kinase activity of PRKX, because pFLAG͞ PRKX͞K78R transfection expressing a kinase-dead PRKX (Fig.  6M ) did not result in the formation of any branched epithelial structures. In the presence of 8-Br-cAMP, we observed modest cyst deformations in cultures transfected with pFC-PKA (Fig.  6H) , suggestive of abortive branching morphogenesis not seen in untransfected or vector-transfected control cultures (Fig. 6 B and  E) . With 8Br-cAMP treatment of pEGFP͞PRKX-transfected MDCK cells, large dilated branched cystic structures were observed (Fig. 6K ) that were absent from 8-Br-cAMP-treated cultures after transfection with the kinase-dead pFLAG͞ PRKX͞K78R expression vector (Fig. 6N) . The addition of H89 to pEGFP͞PRKX-transfected cells cultured with 8-Br-cAMP (Fig. 6L ) completely abolished epithelial branching morphogenesis.
Discussion
Our studies show that PRKX, a recently discovered human serine͞threonine kinase gene (8) , is expressed normally during human metanephric kidney development, not expressed in the normal adult kidney, and expressed aberrantly in ADPKD (37, 38) . By immunoprecipitation kinase assays in PKA-deficient FIB4 renal epithelial cells, we showed that PRKX is a protein kinase inhibitor-inhibitable cAMP-dependent protein kinase with a similar K m for the kemptide substrate to that observed for PKA-␣ kinase, a result that parallels the similar efficacy of these two kinases in the activation of a CRE-promoter reporter minigene in cotransfection assays.
Phylogenetic analysis based on sequence alignments of the core catalytic domains showed that PRKX belongs to a previously unrecognized unique and ancient family of related protein kinase genes rather than to the PKA, PKG, PKC, PKB͞Akt, or SGK kinase gene families (12, 14, 15, (39) (40) (41) (42) . The PRKX kinases share significant amino acid sequence homology with PKA kinases and show conservation of residues that function in nucleotide binding, catalysis of phosphotransfer, substrate binding, and protein kinase inhibitor interactions. An SH3 domain ligand site conforming to the consensus PxP (35) was found in PRKX and PKA kinase C termini that might mediate regulatory protein-protein interactions. The PRKX kinases are more divergent in this region of the protein from each other and PKA than in the more highly conserved regions involved in phosphotransfer and substrate binding. However, the protein alignments of PRKX family members showed conserved blocks of amino acids in this region, likely signifying that this portion of the protein plays an important regulatory role or is essential for kinase activity. Nonconservative sequence differences between these two kinase families identified in key PKA amino acids (E 86 , R
134
, and G
193
) required for RI interactions may contribute to reduced RI binding by PRKX. The N terminus of PKA also plays an important role in RI binding (43) , and the lack of conservation here also may significantly alter RI as well as RII interactions with PRKX. Taken together, these results support the notion that PRKX and PKA kinases will be found to have multiple differences in substrate specificity and regulatory protein interactions, which may result in different biological functions that account for the independent evolutionary conservation of these two distinct cAMP-dependent kinase families.
The biological functions of PRKX family kinases has been studied most intensively in D. discoideum, in which the PKA-C kinase has been shown to play an essential role in the cell-shape changes and cell migration necessary for cell sorting during morphogenesis as well as in the transcriptional regulation of later cell fate differentiation during development (18, 19, 44, 45) . The sole function thus far proposed for PRKX is in the regulation of granulocyte͞macrophage differentiation (11) during hematopoiesis. The developmentally regulated expression of PRKX in the ureteric bud of the fetal kidney suggested that this kinase, similar to the Dictyostelium PKA-C kinase, also might regulate cell migration and morphogenesis earlier in development. To test this hypothesis, we developed a GFP͞PRKX fusion protein that showed similar subcellular localization and kinetics of nuclear translocation as found previously with an hemagglutinin-tagged PRKX (10) . Expression of this GFP͞PRKX fusion protein in renal epithelial cells induced rapid elongation of cell shape, a dramatic increase in growth factor-mediated migration, and activation of branching morphogenesis in three-dimensional collagen gels. Strikingly, transfection of PKA or a kinase-dead PRKX had no effect on cell shape, migration, or branching morphogenesis in control experiments performed in parallel. These results, pointing to a specific role for the PRKX kinase in the control of epithelial motility and migration necessary for morphogenesis in the developing kidney, support the notion that the PRKX gene family may play an important role in the regulation of cellular migration in a broad range of eukaryotic organisms. Because migration and tubulogenesis depend on alterations in cell-matrix interactions, mediated via focal adhesions, as well as on alterations of the actin cytoskeleton, there are many potential molecular targets that might be phosphorylated by PRKX, but not PKA, in the developing kidney. The persistent and abnormal expression of PRKX in ADPKD further suggests that elucidating these molecular targets may be relevant to dissecting the molecular mechanisms associated with cystic diseases of the kidney.
